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ADAPTATION OF FLUX-CORREMED TRANSPORT ALGORrIHMS
* FOR MODELLING BLAST WAVES

Blast wave phenomena include reactive and two-phase flows associated
* with the motion of chemical explosion products; the propagation of shocks,

rarefaction waves, and contact discontinuities through a nonideal medium
" (real air, possibly thermally stratified and containing dust and water

vapor); and the interaction of the blast waves (including boundary layer
effects) with structural surfaces. Flux-Corrected Transport (FCT) represents
an accurate and flexible class of methods for solving such nonsteady
compressible flow problems (Boris and Book, 1976). Coupled with a

*... nondiffusive adaptive gridding scheme (Book, et al., 1980; Fry, et al.,
1981), it enables complex time-dependent shocks to be efficiently
"captured."

*. In models which treat all the physical effects required for blast wave
simulation, truncation errors inherent in the underlying finite-difference
scheme are exacerbated by nonlinear coupling between the fluid equations and

*: by the greater complexity of the phenomena being simalated. Typical of these
errors are the "terraces" which develop under some circumstances on the
flanks of sloping profiles when the growth of ripples due to phase errors at
short length scales is terminated by the action of the flux limiter. Two
approaches are possible toward eliminating them: improving the short-
wavelength phase and amplitude properties of the underlying algorithm, and
switching on additional diffusion locally. 7he latter approach folds
information about the shape of the profile and the nature of the physical
process taking place (e.g., rarefaction) into the switch criterion, thus
changing the FCT technique from a "convective equation solver" to a "fluid
system solver." In doing this, care must be taken to avoid losing the
accuracy, robustness and problem-independence which constitute valuable

* attributes of FCT algorithms (Book, et al., 1981).
Tests carried out on scalar advection of simple density profiles by a

uniform flow field show that terracing does not require either diverging
velocities or discontinuities in the profile, but appears typically (for v >
0) where the first and second derivatives of density have the same sign
(Fig.l). In order to improve the properties of the basic difference scheme,

- we propose a new algorith.m for integrating generalized continuity equations
* over a timestek 6t. Consider the following three-point transport scheme:

Pj ° _(pl° - pM.l) + K,(p+l - 2po + P

0 0 0 1
= p3  - _l) + -2pO[ = -j~ 1Zjl/ -jj 3 P-

where

#J+1/2 -0-j+1 -P

Menuweipt submitted July 26, 1982.
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The arrays 141 and {pI are the old and new densities, pi and p3 are
temporary intermediate densities, and n, e, K, A, and v are velocity-
dependent coefficients. Here K and A are diffusion coefficients, and p is
the antidiffusion coefficient. In the actual algorithm, #J+l/3 is corrected

(hence the name FCT) to a value f,+1/3 chosen so no extrema in can be

enhanced or new ones introduced in pi. Previous FCT algorithms had 0 = 0;

the widely used ETBFCT and related algorithms (Boris, 1976) have in addition
K= 0. If we define p3 to be sinusoidal with wave number k on a mesh with
uniform spacing 6x, so that p0 = exp wJO) where 0 = k6x, then the new

density array satisfies
S/ A = 1-21(n+e)sinO +2(c+A)(cosB-1)

- 2u(cos -1) [1-21linO+2k(cosO-l)].

From A we Ian determine the amplification a = A and relative phase error R =
(1/eo)tan- (-ImA/ReA)-l, where e = vft/6x is the Courant number.
Expanding in powers of B we fins

a =1 + a2 1 40 + a60 +

R=R 0 +R2 B2 + R 8 4 + R6 06 +.. .

First-order accuracy entails making R vanish, which requires t at + + 6 =
e/2. Second-order accuracy (a2 = 0) implies that t = K + A - € /2.
Analogously, the "reduced-phase-error" property R2 = 0 (Boris and Book,
1976) determines i t (I-2)/6, thus leaving two free parameters. One of
these can be used to make R4 vanish also. The resulting phase error R(8)
is asmll not only as 0 + 0, but also for larger values of B, corresponding to
the short avelengths responsible for terraces (Fig. 2). The remaining
parameter n1 can be chosen to relax the Courant number restriction needed to
ensure positivity from e 4 1/2 to £ 4 1. When coded, these changes
necessitate a small increase in the operation count of ETBFCT along with a
small increase in overhead to precalculate the two new arrays of velocity-
dependent transport coefficients. On advection tests, the new algorithm
completely eliminated terraces (Fig. 3). When applied to the coupled systems
of gas dynamic equations, it produced profiles which closely approxivate the
Riemann solution of the exploding diaphragm problem (Fig. 4).

The second approach uses a rarefaction flux limiter (RFL) to eliminate
numerical ripples in strong rarefaction waves. This approach is physically
motivated. Raw anti-diffusive fluxes *i+1/2 are limited so that
the slope of local flow field profiles ecays with time in a rarefaction
wave. In effect, additional diffusion is left in the field to mintain
monotonicity of local slopes. Fbr multi-material calculations a "contact
surface sensor" is needed to detect physical discontinuities and shut off the
RFL locally.

In addition we found that some care was required when applying
generalized continuity equation solvers to a system of equations. Truncation
errors of the various equations can interact, causing undershoots or
overshoots in nonconvective quantities such as pressure. We found that it
was necessary to monotonize derived quantities (pressure, velocity) before
using them in minimal-diffusion transport algorithms.
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o The above methodoloff has been applied to a series of test problems
. initiated by a spherical high-explosive (HE) detonation in air. An ideal

Chalman-Jouguet detonation was used to specify the initial conditions;
afterburning was neglected. In the absence of reflecting surfaces,

* spherical symmetry is maintained and the calculation remains one-
dimensional. A nonuniform radial grid was used with extremely fine zoning
near the shock front. The grid was moved so that the shock remained
approximately fixed with respect to the mesh. The original version of the
FCT algorithm gave rise to pronounced terraces in the rarefaction region.
This would have rendered ar two-dimensional calculation involving shock
diffraction or nonideal effects dubious. The techniques described here

*; improved the blast wave results considerably. The decrease in phase error
"* reduced terracing dramatically.

Next, a two-dimensional (2D) numerical calculation was performed to
simulate one of Carpenter's (1974) height-of-burst experiments which used
spherical 8-lb. charges of PBX 9404 at 51.6 cm. The previous fine-zoned 1D
calculation was used to initialize the problem. It was mapped onto the 2D

.. grid just prior to the onset of reflection. The solution was then advanced
in time, with pressure being calculated from a real-air equation of state and
a JWL equation of state for the combustion products. The front of the blast
wave was captured in a finely gridded region which moved outward horizon-

*tally. Special care was taken to ensure that the grid moved smoothly. The
resulting solution, particularly the curve of peak overpressure vs. range,
was consistent with Carpenter's experimental data (Fig. 8). Although this

*calculation represents a reasonable accurate simulation of the double-tWch-
" stem region, no doubt improvements can and will be made to numerically model

such phenomena.
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even, as here, in the absence of corers in the profile. Tick marks indicate: computational zones (N-1 00).
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NULTICOEFFICIENT REL. PHASE

0

0 EPS----- >I
Fig. 2 - Contour plot of R(8,e) for new multicoefficient FCT algorithm.
Note R -- 0 except for 13 > 3 wr/2. The relative phase error vanishes ex-
actly for e=1/2 ande 1.
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Fig. 3 - (a) Blowup of Fig. 1 (a) (dashed line) compared with (b) same profile as
computed using new sixth order-phaseccurate FCT algorithm. Solid traces are
exact solutions.
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Fig. 4 - (a) Exact and (b) computed solution of exploding diaphragm problem

(10-to-1 initial density jump, 100-to-1 initial pressure jump)
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Fig.5- One-dimensional solution of expanding HE products and air calculated with

* the new algorithm using 500 equally spaced zones. Note contact surface separating
HE products from air.
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Fig. 7-Pressure-time histories directly beneath burst site. Note second peak, associated with

interaction between shock reflected from ground and following contact surface.
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Fig. 8 - Computed peak overpressure vs distance along ground surface.

Broken curve represents Carpenter's (1974) data.
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N4AVAL'WE4PONS CENTEP

* C41IA LAKE, CA
'3ICY ATTN Cr)r'E ??01 p CrPCiE
OICY A774 CODE 266 C AUSTIN
OICY ATTN CrOE ?3? (TFCH L113)

* COMMAI) ING nOFFicFp
* NAVAL '4EAPONS rVAL'jATTTR FACILITY
* KIRTLAN1D AIR FORCE PASE
* ALBUOI.JERC"J)Et M!' F7117

01CY fkTTN P iiUMJIES
OlCY ATTN rP-DE IC (TECH L18])

OFFICE V'F NIAMA FSEAPCI.
ADLINGT()N, VA 22211

O1tCY ATTN C'rnr 474 M PERPr%4E

*rCcC CC 'F!- CHMtFF rv '4.0Ma n01:ATICf!r
bWASHI'5Trs, 9 C 7035

0117Y ATT'4 CO'!C

STPA1EGTC SYSTOMS PPCJSCT rFFI07F
r)E2APT'PENT 10F THr IAvy

*V)AS4Nr'T01v, DC 20376
OICY ATTM NSP-272
OICY ATTN MSP-4? (TFCI.; LIP)

:AIR FC1C G'rf"'HYSICS LARCRATray
* HANSCO~M Arl, va n1711

OlCY AT7a! Llef! XC ipr..csok

All FORCE INSTITLTF OF TECHN'!LnrY
*AIR UNIVERSITY
*WqIGH'r-0A'wTPQ~tn! 4FP9 !-'tF 4543?

(DOES "~CT FCESIPF CLASSIrIED nocumEvJTs)
* OlCY ATTM L180PARY

HCADO'JAPT'P S
AP%~ FORCF SYSTEMS CrPrdANC
A'1DREWS AF!!, OC 21)314

* Qi1CY ATTN lL~Jm
OlCY ATTN M1W
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Al 9 rrctcE WEAPOMS LAPC'PATflRv AFSC
KIRTLAND~ 'F9, "M 87117

OICY AT Tf '1TFq-C R HENNY
OlCY ATTN RITE r,-I
OICY AT TN NTEO Q MATAL'JCCI
OICY ATTN MTF M PLAM~fuf'
OlCY ATTN NT D PAYTCN
OlCY ATTN MTE0-A
OICY ATTN MT!.S-G
01CY ATTN SUL
OICY ATTN I)E Y
OICY AT'N NTCS-S
OICY ATTN KTc'r
()1CY A T T fl I)Fy

DTOCCO
AIR tNTVC-S!~v L!qPARY
!lEAvTvFNT OF TI-F AIR FCPCE

MfES1PFS NC C4401)
OICY ATTN AUL-LSE

ASSISTAN~T CHTsp rF STAFF
INT EL I IGFP E
flEPAPTMEMT 1VF THF AIP FORCE
WASHINGTO~t DC 2O1?C

OICY ATTN TN PM 4.A932

ASS!ltTANT CH!EF CF STAFF
STUOIFS & ANALYSFS
VDA'TMENT OF THE AIR FW'QCE
WASHINGTON, DC 7')330
CICY ATTN ArfSAvI (TECH LIS)

ASSISTAN~T SECRIFTADY C-F 1HI AF
PFSFAPCH, 0EVEVInPM~fET C LnGISTICS
t*ODARTMFIT nF TfE AIR FCRCr
WASI4INGTP's' DC 2033A,

-.)CY ATTN S.AFALO /CEP FOR STRAT CSP4CE SYS

BALLISTIC MISSILE IFFICEPIN
ft10 FOPCF SYST'r'S fC.v' PW

* ~ WIPTCM AF5, CA q?40q

OICY ATTM wA4X tv ,ALANSKY
OlCY ATTM UNWJVH M~ CELVECCIn
OlCY ATTN vRJN W CPABTPEE
OlCY ATTN I~Y4D GAGF
OTCY ATTN M%'
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DEOUTY CHIEF O~F STAXF
RESEARCHt CFVELCP"EINT, C ACe
nFPARTMFNT nFl "IF A IP FCPF
WASHINGT(Vl, DC 70'30
OICY ATTN AFQtDQI N ALFUNtDROW
Olf:Y ATTN ArRDPN
31CY ATTN AFPDQI

DOUTY CHIEF flF STAFF
LOGISTICS & ENGIPFFRING
'EPAPTMENT nF THEF AID FCRPCE
WASHINGTC~s 0C 203-3C

()ICY ATTN LEFF

FOREIGN' TrCHNOLnGy CI~oIS!OM, AFSC
wqJSl'HT-DATTEPS'lN AFP, OPI 454334
otCy IATTM 4I1TS LIPPARY

* COMPAknVER
q P~vF AIQ 0EVELPPEK7~ CFKTEI, AFSC

JQTFFTSS AFS, 4Y 13441
ICESIT'FS KC CPVUD)

niCY ATTN TSLV.

* STPATEGIC AIP COPPAFNC
fEPAPTME'T nF THF AID FC-PCE
OFVUTT ArBv -NIB 64113

DICY ATTN 49I-STINFOI C199ARY
OICY ATTN XPIFS
131CY ATTN P~IT J PCKII04EY

VE~LA SFISVOLnG1CIL CENTCER
'3t2 *A0NTGr'"rPY STRFET

* ALEXA'4DIRAlo VA 22314
QICY ATTAI G t.LLPrCtJ

DEDAP14ENT or EmER.GY
AL RILCUFPJF (1PCIATI CIS CFFICF

* flx 540,

O!CY ATTN CTID

DEPAPT"FNT nF EVFPrY

WASHINGTrt,# nC 205,45

OICY ATTN CM1A/RdC?

DEPARTMENT OFP ENEPGY
NEVADA OPEPATIONS OFFICE
P 0 B' X 1410n
LAS VEGAS9 NV S9114

oICY ATTN M AIL 9 PECDRDS FIR TECHNICAL LJP.PARY
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LAWPENCF LIVE'DMORE NATICNAL LAS3
P 917 r' OP
LIVERMOQ3E, CA 9~4550

#)ICY ATTN L-00 R DCPIG
OICY %VTTN L-20'5 J IFEAT'ST (CLASS, L-703)
OICY ATTN L-90 1) NrCPRIs (CLASS 1-504)
OICY ATTN L-7 J KAI*N
OICY ATTN 1) GLEVN
QICY ATTN L 437 P SCHCCK
01CY ATTN TECRNICAl INFO DFPT, LIBQARY
OICY ATTN L-20n I BITKCVIC4

*L"!S ALA.%!PS NATI'f.AL SCIFNTIFIC, LAO
VAIL ST4Tf2N nriOO
P -1 BOlX 16~63
LOS .i.VSt N'4 P754 5

(CLASSIFIFO CNLY TC M~AIL STATICN 5000)
.)ICY ATTPN R 14FITTAWFR
OICY ATTN C KELLER
OICY ATTN M TSANFORD
OLCY ATTN VS 364 (CLASS PEDr.RTS LIM)
01CY ATTN E JONES

LOVELACE L3ICMFflICAL, t
-k PO'4ENTBL PSCI- %,S7ITLTF, I.4C.

P aBv 5890
AL3U0!JFR~IJFt NV P7115

nlCY ATT4 0 Jr)Mr-S (UNCt CNLY)

OAK. PIOCEF NATtfl!AL LABODATORY
'.J!CLEAP DIVI-S ION
X-10) LA13 PECI'R0)S DI'vISIO"k

CAK PIr)GE, TIN 37830
OlC.Y ATTN CIVIL DEF PFS PROJ
OICY ATTN CENJTRAL PSCH LIBRARY

sANlnTA LASCRAT!lPYES
UV~EWRE LA80ATrRQY

* LI"FF.'4nPE, CA 94C51
P)ICY ATTF- I.IPAIY f ScC(IOIT~I CLASSIrICArICM: DIV.
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SA*'lIA NPATInNiL LAli
po 0 rx spoo

1.SU')UEqQUE r N'4 871 5
(ALL CLASS ATTN SCC CfrNTPOL IIFC FOR)

OICY AT TN A CHAUNA'
f)ICY AT'N I. HILL
OICY ATTV ORG 1"1c0 W PROh
OlCY ATTN A Cl-45Je4
nlCY AT74 w PrHSR7Y
OICY ATT4 3141
01CY ATTN L VC-PTMNAJ
01CY ATTN J BENISTER

r(EMTOAL ITELLIGF?'CE blFK~Y
WASHTkNGTOPIt 0C 715C5

OICY IATT4 fSIP/a.IEf

DEP~ARTMENJT !7F T1JF !b1ERICP
RUPEAJ CF M~IMES
BLDG 2n#, DENVED FFnEFAL CENTFP
DENVERv CO~ Pnz2?5

f(UNCI CK"Y)l
OICY ATTN TECI' LIP (UlvCt CRLY)

* DTPECTOR
FEDFPAL E?4ERGFNCY LM8AGEVENT ASENCY
NATIONAL SEC 0FC U171GATION 9 PSCH
1725 1 STREFT, NIw
WASHING'ON, DC 20472

(CALL CLASS ATTN B1C5 DCC CCNTPCL FCQ))
01CY ATTN MITIGtTI14 & R5CHf DIV

* A#7IIOEX COO~P.
4R5 CLYOF AVFNIJE
t'CO.NTAIN VIEW, CA 04049
OICY ATTN C wrir

P.E10SOACE COPP.
P 0 BO)X 92q57
LOS ANGEL959 CA 90009
OlCY ATTN H OTPELS
OICY AT1PJ TECHNICAL IhNF('PPATICN SSPVICES

* AGOASfAN ASSOCIATFS
251) N NASH STREET
Et. SFG!.IN')r~t CA 9(7245

O1CY ATTN V AGOASIAN

ANALYTIC SERVICES, INC*
* 400 ARMY-NAVY r-PI'E

AOLJNr9Tn~.!v VA 22202
!IICY ATTh1 G, HESSFLBACHSE
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AP'PLIED PESEADCIJ ASSflCIA7ESq IkjC
2601 WYCMrNG DLVfl N~E S'iTE 1-1i
ALBAUlEQO!.IE, 9 V'! P7119"

OICY ATTkN J FRATTCPI
0ICY ATT'4 "I FIG!'Ik'S

ADLIE!) TH~Fln:Y, INc.
1011 WFSTrArnn rPLVC

* 1LIS 'NGFLESv CAt 90'124
(7 CYS IF IYCLASS V~P 1 CY IF CLASS)

OICY ATTM J TRL'C

AOTPC ASSOCIATPS, INC.
?6046 EDEN LA)INiG POD
HAYWAPD, CA 94545

n'MCY ATTN S GILL

ASTQ01D FFSAPCH E ENC-INEEFING
01Cl OLD kq~'FIL IAAY 415
MC-JNTAIN VIEW, CA q4O43

OICY ATTNI J Hl~~T!N(TCN

AVC0 RESFAQCH E SYSTEP-S CRI.P
* 201 LOWELI STREET

WI L M TNGTOP-, 'M'A 11R..l
;'ICY ATTI' LIBRAPY AP30

8DM COPP-
7915 JOV:ES BPA'JCH4 DPIVE
MCLFANI, VA ?;'102

DC y ATTNJ A L AVAt-NMIC
0 1"Y ATTN T PECP P
OLCY ATTN CORPr-PATF LTE-kAPV

R!) kq rnpo.

ALU0FPUE 87119
nirY ATTN tll HE!'SLEY

~OEMGCO.
*p vPOefx 3707

SEATTLF, WA QP124
OICY ATTN S STVACK'
OLCY ATTN AFRCSDACE LT2RARY
OICY ATTN MI1S 42/?17 P CAOLSOM

CAALIFTRNIIA PESE-APC'. & TECHN'OLOcY INC.
* 6269 VAPTC-L AVENUE

wnol~O ANJD HILLS, CA 411367
DLICY ATTN LTBPAQV
OLC'Y A7T7N K KRFEYEP'HAGEN
01CY ATTN MI RCSFNEL.ATT
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CPLIFrRNIA RESE/tDCH C TECH%4CLrY, INC.
4049 FIRST STPFFT
LIV17FklflR!, CA C455

WIY ATTN 3 rRPHAL

CAL SOAN fflQ D.
O 0 ROX 400t

BlIFFALfr, NY 14275
OICYv OkTTN LIPPA"Y

'E-:VF0, UI\!VrPSI'TY rF
* CnLCPAD(' SEM4T!Pv

O)ft!VFR EvSFAPCH W .S1 ITUT C
0POY 1'21?7

D "I VF Q f 0)2 1
(ONLY 1 COPY 0.9 CLASS QPTSI

OlCY ATTN s!~c rFFCFR FCP J WISOTSKJ

SGEG WASH. WALI VTICAL SVCS CT', M~C.
o 0 FfY 1021P
AL IJOMJERIL'E, v N 87114
OICV ATTN L!8F:APY

* P1&IC H. WANG
CIVIL EM1l7.NEEc0 NC DSCH FAC

* ~ UI.IVERSTTY O'F '!JEV' MEYIFCC
(INIVFRSITY STATTC~J
P' rl n,-qX 2 5
AL BUCO'IEPR)tJ N'A 87111

OICY Ar'T 1 J L.AMB
GICY ATT N P LMOlE
OICY ATTN N 8 A!l1 M
OICY ATTN J KOVARNA

GA00s IN'C.
* 7449 N NJATCHEZ AVEMLEI

NI~ I L 6064P,
0 1CY ATTN G %' -,i4ArP'T (11 ,CL ONLY)

GE~IECAL FLFCTQTC C7.*
SP'ACF DIVISION
V'ALLEY FrPGE SPACF cMITEP
0 fl e'X 9555

* PHILAOELPHrAI PA 1910t
OICY ATTN 4 BOPTNEP

GENERAL RESEARCH COPP*
SANTA PARRARA DIVISICN1
P 0 BOX 6770
SANTA PARBARAt CA 9?l1
oiCY ATTN TIC

25



U H-TFCH LAOS, INC.
P n S~PX 1686
SAN T A 4CNICA9 CA 00406

OICY ATTN R 1HAPTENPALF/

Hk'1QZG0IS TECMNnl.CGv, INC,
7RID CLAIPEM014T P'ESA BLVD
SAN t)1EG0, CA 02111

f)ICY ATTN Ft KPtUGFP

ITT RESEARCH INSTYTLTE
U ~ 1 Wf ?4 5TH STPEFT

CHICAGrls TL 63616
OICY ATTN P FC
OICY ATTN M JCMNSCN

K OICY ATTN DOCIUENIS LIPPAPY

!NF'COMATIflM SCIFPC5, INC.
123 W DA!)r% SIDEFT
SANTA RARBAPA, CA 93105

OICY ATTN W 11I'P71AK

INISTITUTE FnP ')SFFNSE ANALYSES
430 AWUY-NIAVY D"JIVE
A'PLINGTON, VA ?2207

')ICY ATTN CLASSTFIEL LIBRARY

J 0) I4ALTTWANGER CC'4SLLT ENG SVCS
RM 1064 CIVIL ENGINEEPING RLCG
20)8 N RO'4114E STPEET
1101AMJ~, IL 6lXt0l

()ICY ATTN W HALL

J. No WIGGINS C0.9 INC.
1650) S PACIFIC COAST 1-IGI-WAY
PEDN!IVl BEACH, CA SC277
OlCY ATTN J CCOLLINS

KCAMAN AVIDY04F
B3 S5CON13 AVFI.ENU
84OPTH-WFST INDlUSTRIAL PAAK
9J0LINIGTCF9 "A O1'403

OICY AITN P PLETEI1K
OICY ATTN LIBRAPY
OICY ATTN N HW'EBS
QICY ATTN E CP'ISCIrNE

KA' AN SCIFNICFS COPn'.
D rl 90X 7463
CrLOQAIr, SPPINr, , CC 80l911

OtCY ATTM D SA(HS
OICY ATTN F SPSLTCN
'OICY ATTN LIBRARY
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KAM4K TOMPO
.316 STATE STPEET D~DAE ~
SANTA BARBARAt CA 9310?
OICY ATTN OASITAr

LnCKHEED MISSILES & SPACE CC., INC-
DP V X 504

* SUNNYVALE, CA 940e6
OICY ATTN J WEISNER
fllCY ATTVg TIC-LrePARY

APATIN M4ARIETTA CORD-
*~ P0 BOX 5837

OPLAN00~, FL 37855
OLCY ATTM G FCTIFC

'4ARTJM VAPIETTA CCO!F.
0 0 BOX 179

OICY ATTN G FQ~vEp

vrC#-'%NELL CC'!' GLAS CCPP.
5311 ESnLSA ftVSP!!E
HjITTIN'Tr'J BEACH, CA 97e47

OICY ATTNl 4 f!ERl*AN
OICY AT'N R HALPRIN
OlCY ATTN! 0 PFAN

* ~mcnOMNSLL. O0'YMAS COOP,.
3955 LAKEWr0D Bon;LEVARD
LONKG BEACH, CA 90F46

OICY ATTN M POITTEP

MERRITT CASES, INC.
*Pr PBox 1206

REDLAtllfSt CA 02373
OICY ATTN J mrQ'RITT

0lCY ATTM L!PPARY

METECRPLOGY RESEARCH, INC.

K 464 W WtIClBUDY RCAD
ALTADEllA, CA 91001
OICY ATTN W GREEN

MISSION PESEAPCH CnRP.
P 0 DPAVFv 719

* SANTA BARBAOAP CA 931O7
(ALL CLASS: ATTN: SEC OFC FOP)

OlCY ATTN C LONGMIPE
OICY ATTM G M4CCA07CR
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CIACIFTC-SIEQPA QE:SLEAOCI ('P'.
"I+56 CLOVERFIELl'? 8LVr,
SA'JTA 'CNICAt CA 91)4C4

(N1C. Y ATT4 4 P,,)

PACTFIC-SIERPA PSAC np
h'. WASHINGTON OPERATIONS-111 WILSON 9000
* SUITE 1100
* ARL!NGTCN, VA 22209

OICY ATTN 0 GORM.LEY

* PACIFICA TECHN2LC'3V
*~ 0 B'X 149

DEL MAR, CA q?e%14
OICY ATTN R F1 JlrRK
01CY ATTN G K(ENT
OlCY ATTN TEV1F LTPRAPY

* PATFI FNTrRPPTSrSg TNC.
P n BOX 3531

- ~ HU4TSVTLLFq AL 35AIlC
O1I.Y ATTN M4 PATEL.

* PHYSICS INTEQNATICN1AL CO.
270') BERCFD STPIFET
SAN I.EANDFO, CA q4577

OIC.Y ATTN L PEHRMANN
OICY ATTtH TECH~NICAL LISDAPY
DICY ATTN F MC(2RE
O )rVY ATTN j1 TpC*VFEk!
DiCY.' ATT1M F "AlUFQ

* 0 C I) ASSr'CTATrS

* "AP!NIA CFL QFY, CA q0291q
01CY ATTN P )~
OICY ATTN A KUHL
OICY A"TTN J LF I-'!S
I)ICY ATTN W v*. II JT
OICY ATTN J C A r31E NTr-F
01CY ATTN TFCFH'TCAL 7t,.FrPF'ATWCN CMITER

PA04D COPP.L SAAITA vrqNICAq CA c04C6

OICY ATTN C P!C

SCIENE APLICATC"I'9 28

RAITO NTDPNAIK'T

461 . .KI. * t.

AL U0 Fc).lE Nl 97 .



SCIFNCE APPLICATIC-'jSt INC.
!)r~"X 2351

LA JrLLA, CA 92v111@
')lCY ATTN W !' ;
QICY ATTN TECIJN'CAL L19RAQY
nlCY ATTNI Q 'rCHLAUC

Sr I EPTCE APOLlrATIONS9 INC.
* lni CC-tIT1NE?4TAL eLVO
* FL SEGUPV)r~t CA 00245

1,)CY FATTN 0 1HCVE

* SCIENCE ADDLIC4ATIJS, INC.
245n WASHTiKGTCOV AVENUE
SAN LEA'JOR0, CA 9457?
OlCY ATTN% 0 BERNSTEIN
11CY ATTN 0 MAXWELL

*SCIENCE APPLJCATIONSt INC.
P 0 PX 1303
PC LEA N VA 7?102

OICY ATTN Ji C1!CKAYNE-
OICY ATT'I B C14A.43EPS III
OICY A'TN '4 KNASEL
OlCY ATTN W LAYSCN
OICY ATTN R SIlEVERS

SOOTHWSrST RESEAPC4 INS7TTF
P O RAWSP ?e5l0

SAN ANTONIn, TX 782e4
OICY ATTN A WENZEL
OICY ATTNq W BAKER

SRI INTEPPOTIrN&L,
* 333 PAVC7NSwarn AVF4UE

P'ENLC PARK, CA q40?5
OICY ATTN G APR4lAY5SC
0I(KY ATTN LIPPAPY
OICY ATTN J CIrLTCN

SYSTF-S, SCIENCE F, SCFTWAQE I%%C
P 0 9X 8241

* ALBU!.IEQ)IIE 1,'*4 P7l9e
')ICY ATTN C F-EFflHAM'
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SYSTEMS# SCIENCE & SOFTWDRE9 INC.
Po0 SX 1620
LA JrILLAt CA 92038

OICY ATTN J BARTh-EL
0KVY ATTN T RINFY
OICY ATTN 0 GR 114E
'flCY ATTN LIBPARY
0 1C Y ATTN C HASTING
OICY ATTN K PYATT
#flCY ATTN C DISMURES
1)1CY ATTN T C)4Qplv

SYSTF'4S, SCIFNCE & SCFTbWARE9 IN-C.
11"flO SUNPTSF VALLEY CRIVE
RESTCM, VA 22n91

OICY ATrTN J MURPHY

* TELED~YNE BPOWN ENGINFEPING
C','NS PESEAVCH DARK

* HU41TSVILLFf AL 35-97
01CY ATTN J PAVENSCRAFT

61 ~ OICY ATTN J MC~qdAIN

TE'?OA TE-K, IMC.
420 WAMA.CA WAY
SALT LAKE CITY, LT E41CS

OICY ATTN A A80,tI-SAYFO
OICY ATTN LIPPAPY
OICY ATTN A JCNS
L'ICY ATTN S GREEN

TFTRA TFCH, IMJC.
631 NJ POSEMEAfl BLVD
PASADFNA, CA q1107

OIC*Y ATTN L HWA4G

TRW DEFENSFE £SPACF SYS GROUP
!INF SPACE PARK
QEflINnci BEACH,9 CA nlQ279

OICY ATTN N LTPNIFR
OICY ATTOI TECHNICAL INFf3PPATICN CENTER
OICY ATT4 T MAZZCLA

*TRW DEFEN4SF t SPACE SYS G~flup
o t.1RK- 131o

SAN BERNARDINO0, CA S240?
OICY ATTNJ , HL'LCHEP
OtCY ATTN P D)AI
OICY ATTN E WCNG
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* 11%IIVFPSAL ANALVTICS, 1"IC.
7740) W MAICHESTEQ SLVC
nLAYA DEL PEY9 C"A 9C291

:1OICY ATTN E VIEL1)

L WiJO N'cEp Asf.k., CCAJSULTINC FNIER
* 1III E SQTH STREET
* I~lPA YORK, MY 10172

OICY ATTN I SANOLEP
OICY ATTN .4 PAQOP

WEIDLINGSR ASS'IC.t CCNSL.TING ENGINFEPS
3900! SAND HILL PCAD
REMLO PARK, CA q40)25

OICY ATTN J TSENFERG
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